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More detailed study of fission dynamics in fusion-fission reactions within a stochastic approach
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A stochastic approach based on three-dimensional Langevin equations was applied to a more detailed study
of fission dynamics in fusion-fission reactions. The dynamical model has been developed and extended to
investigate fission characteristics of light fissioning nuclei at low excitation energies. The energy dependences
of an anisotropy of the fission fragment angular distribution, an evaporation residue cross section, a fission
cross section, mean prescission neutron, and giant dipateultiplicities have been analyzed for tHéO
+2%pp-induced fission of?*Th. Also, dependence of the prescission neutron multiplicity on the fragment
mass asymmetry and total kinetic energy have been calculated. Analysis of the results shows that not only
characteristics of the mass-energy distribution of fission fragments, but also the mass and kinetic-energy
dependence of the prescission neutron multiplicity, the angular anisotropy, and fission probability can be
reproduced using a modified one-body mechanism for nuclear dissipation with a reduction coefficient of the
contribution from a wall formula,=0.25-0.5 for compound nucléf?Yb, 2%Fr, 2%, and??*Th. Decrease
of the prescission neutron multiplicities with fragment mass asymmetry is due to a decrease of the fission time.
The results obtained show that prescission neutrons are evaporated predominantly from the nearly spherical
compound nucleus at an early stage of fission process before the saddle point is reached. From performed
analysis one can conclude that coordinate-independent reduction coefficisntot compatible with simul-
taneous description of the main fission characteristics for heavy fissioning syst&msand 25Fm.

DOI: 10.1103/PhysRevC.65.064615 PACS nunier25.85—w, 21.10.Gv, 05.10.Gg

[. INTRODUCTION the prescission neutron multiplicities as a function of the
fragment mass asymmetry and kinetic energy have to be
The most detailed and systematic information on largecompared more closely with theoretical findings by means of
scale collective nuclear motion presently available fromthe three-dimensional Langevin dynamical calculations. In
heavy-ion reactions has been accumulated from measurirtge present paper we extend the investigations recently car-
the multiplicities of evaporated particles, especially neutronstied out in Refs.[5,6] to calculate the mass and kinetic-
in fusion-fission reactions in coincidence with mass andenergy dependence of the prescission neutron multiplicities,
kinetic-energy distributions of fission fragmenfd—3].  the dependences of the mean prescission neutron multiplicity
Analysis of these data and further references are presentedq‘np@, fission probabilityP; , and some other observables on
review [4]. Three-dimensional Langevin calculations of the excitation energy.
fission fragment mass-energy distributidMED) have been  The aim of our study is twofold. First, we would like to
carried out quite recently, 6. In the dynamical modgb,6]  analyze and elucidate correlations between the prescission
the evolution of three most important shape parametersiqyiron multiplicities and the fission fragment MED. The
elongation, constriction, and mass asymmetry is described by, ., one concerns an investigation of the mean prescission

the coupled Langevin equations. Along each StOCh‘""Sti?\eutron multiplicities(nye, the fission probabilityP; (or

Lgngevm trajectory an evaporation O.f light particles is CON"grvival probability, and the fission fragment angular anisot-
sidered. The results of these calculations show that the three- " L .
ropy in a broad range of the excitation energy. Particular

dimensional Langevin dynamics makes it possible to de- o id i mating th d e
scribe comprehensively characteristics of the MED of fissiorAlt€ntion is paid to estimating the ground-state-sad i)

fragments and the mean prescission neutron multiplicity. Thé@nd saddle-scissiofingz) contributions to the prescission
above-mentioned results can be considered as promising afgutron multiplicity (ny.e). We investigate the influence of
encouraging for further development and extension of thdhe ratio(np.2)/(nye on the mass and kinetic-energy depen-
stochastic approach to fission dynamics based on the thregence of the prescission neutron multiplicities and on the
dimensional Langevin equations. fission fragment angular anisotropy.

The mass and kinetic-energy dependence of the prescis- For the analysis of the mass and kinetic-energy depen-
sion neutron multiplicities have been studied in the experidence of the prescission neutron multiplicities we have cho-
ments[1-4] in addition to the parameters of the fission frag- sen five representative systems in the range of the masses
ment MED and the mean prescission neutron multiplicity.Acy=172-256 and the excitation energiesE*

On the other hand, descriptions and explanations of suck 70—-140 MeV, which were formed in the following
exclusive data as the mass and kinetic-energy dependencefosion-fission reactions:  ®0+1%Sm—1"Ab (Ey,
the prescission neutron multiplicities have not been under=159 MeV) [1]; 3Ar+26°Tm— 20%F((E,;,=205 MeV)
taken in full extent so far. It is a crucial test for theoretical [2]; 0+ %Au—2'Fr(E;;,=159 MeV) [1]; *™Ne
models including the stochastic approach based on the 2*2Th— 25m (E,=215 MeV)  [7]; 180+ 238y
Langevin equations. So the available experimental data of>2°Fm (E,,;,=159 MeV)[1]. Theoretical calculations for
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these systems within two-dimensional dynamical models 1

also have been carried out in Ref8,9]. We have concen- q" =g+ E/’Li(jn)(q)(pj(n)+ pj(nﬂ)) T,

trated on the particular example of tHé0+2%®Pb-induced

fission of 2“Th for the analysis of the mean prescission neuwhere q=(c,h,a’) are the collective coordinatesp
tron multiplicity (n¢), the fission probability?¢, and the =(p.,p;,,p.) are the conjugate moments;(q) is a con-
fission fragment angular anisotropy, because this system haervative driving forcem;; (|[u;;||=[lm;;| =) is the tensor
been investigated carefully in both experimentdl-1§ and  of inertia, y;; is the friction tensorg;;¢; is a random forcer
theoretical[5,19-23 studies. It should be mentioned that is the integration time step, arj is a random variable sat-
similar investigations of influence of the nuclear dissipationisfying the relations

on heavy-ion-induced fission of?*Th formed in the same

reaction have been performed earlier by li¥ich and co- <§i(n)>:01
workers [20,22,23. They have shown that prescission
multiplicities and the evaporation residue cross sections are <§i(”1)§j(”2)>=25ij Snyn, 2)

more sensitive probes for nuclear friction in fission than

prescission neutron multiplicities. Also, they have claimedThe upper indexh in Egs. (1) and (2) denotes that related
[20] that fission fragment angular anisotropy can be affectedjuantity is calculated at timg,=nr. In these equations, and

by evaporation of presaddle neutrons and strongly dependsrther in this paper, we use the convention that repeated
on nuclear dissipation, in particular for compact configura-ndices are to be summed over from 1 to 3, and the angular
tions. Therefore, it is interesting to compare the results oPrackets denote averaging over an ensemble. The strengths
three-dimensional Langevin calculations with those obtaine®f the random force are related to the diffusion ter3grby

by Frabrich and co-workers and to show influence of thethe equatiorD;; = 6;6y;, which, in turn, satisfies the Ein-

additional necessary collective coordinates as incorporated gfein relationD;;=Ty;; . HereT is the temperature of the
the dynamical model. “heat bath” constituted by internal degrees of freedom. The

In order to make the paper self-contained we shall detemperature of the “heat bath” is connected with internal
scribe in Sec. Il the multidimensional Langevin equationseXcitation energyE;, of the nucleus through the level-
with some technical aspects and details of the model used i#ensity parametern(q) by the relation of the Fermi-gas
the present study. Section Il is devoted to the results obmodel T=[E;/a(q)]2 The internal excitation energy is
tained in this study and to their discussion in comparisordetermined by using the energy conservation law
with available experimental data. Finally, the concluding re-
marks are given in Sec. IV. E* =Eintt Econ(d,p) + V() + Eevadt), ()]

where E* is the total excitation energy of the nucleus,
Econ(q,p) = %,uij(q)pipj is the kinetic energy of the collec-
tive degrees of freedonV(q) is the potential energy, and
The dynamical model has been described in detail in ouEe,{t) is the energy carried away by evaporated particles
previous papef5]. Here we explain only some technical by the timet. The coordinate-dependent level-density param-
aspects of the model that have not been clarified in f@f. eter can be expresed in the fof2b]
and describe further developments. It should be stressed that
no special ad hoc parameters or assumptions were introduced a(q)=a,A+aA?By(q), (4)
in the present paper. All input parameters of our dynamical )
model were presented in RéE] and their values were de- WhereA is the mass number of the compound nucleus, and
termined from optimal description of the experimental MED Bs is the dimensionless functional of the surface energy in
of fission fragments and the mean prescission neutron mufhe liquid-drop mode(LDM) with a sharp surfac€24,26.
tiplicities. The values of the parametera,=0.073 MeV !, ag
In our dynamical calculations we used a slightly modified=0.095 MeV* in Eq. (4) have been taken from the work
form of the {c,h,a} parametrizatio[24]. In Ref. [5] we of _Ignatyuket al. [27]. It foIIow_s from the analysig28] of
introduced a different mass asymmetry parameter scale@Xisting sets of the level-density parameters that the param-
with elongatione’ = ac3. The geometrical shape parameters€ters of Ignatyuk’st al. lead to aImqst the weakest coordi-
were chosen as collective coordinatgs: (c,h,a’). Multi- nate _dependence of the Ievel-dens_lty parameter. The level-
dimensional Langevin equations describing fission dynamicgensity parametea(q) is the most important quantity not
of highly excited nuclei discretized in a form convenient for Only in the statistical model calculation of the light prescis-
numerical simulation will be givef23] as sion particles evaporation, but also in the dynamical calcula-
tions. It is well known[29] that for the description of an
excited nuclear system the potential energy must be replaced

II. MULTIDIMENSIONAL LANGEVIN EQUATIONS

1 i ()| ™ by the free energ¥(q,T) in the dynamical equations. The
(n+1)= f”)—(zp}“)p(k”)(aj—) —KM(q) free energy is related to the level-density parameter by the
i formula of the Fermi-gas model

—YP(@QuP(@p" |7+ oMM, @) F(q,T)=V(q)—a(q) T2 (5)
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Microscopic extended Thomas-Fermi calculations have ) 9*F(q)
shown[30] that Eq.(5) can be expected to be a reasonable Qfj (dsd = mik(dsa) W) ;
approximation forT=4 MeV. A conservative driving force K1 a=q

in Langevin equations is given by the derivative of the free

energy with respect to the collective coordinates at the con@'® determined by the inverse mass and by the curvature
stant temperaturé<;(q) = — (9F (q)/dq;) 7. It is a noticeable tensors. The Kramers frequeney, is determined from the

extension of the model presented in R&. It is easy to see algebraic equation
that the driving force consists of the usual conservative force 9 2
~(aV(q)/9q;)7 plus a term that comes from the thermody- 96t E(2Tok/h) "+ (2T o /h) i(Asd Vi (Asd) i) (dsd]
namic properties of the excited fissioning nucleus, whichen- =g (7)

ters via the level-density parametafq). The additional

force introduced into dynamical equations by using free enwhereE is the unit matrix, the coordinateg, and Qy.s, de-
ergy instead of potential energy effectively corresponds tqermine the saddle point and the ground state, respectively.
the temperature-dependent term in surface energy. This kinfhe fission probabilityP; is calculated asP;=N;/(N;

of generalization of the surface energy calculated in Yukawa- Ng), whereN; is the number of fission events aNgy is
plus-exponential moddB1] has been used successfully for the number of evaporation residue events. A dynamical tra-
the simultaneous description of the fission characteristics ifectory will either reach the scission surface, in which case it
Refs.[32-34. Evidently, using the free energy is more pref- js counted as a fission event; or if the excitation energy for a
erable than the generalization of the surface energy, includrajectory that is still inside the saddle reaches the value
ing the temperature-dependent term, from the point of viewg, + Econ(d,p) <min(B; ,By) the event is counted as evapo-

of the consistency of the model. _ __ration residue B; is the binding energy of the particjg.
We started modeling fission dynamics from an equili-
brated spherical compound nucleus, i.@s=(co=1.0hg Il RESULTS AND DISCUSSIONS

=0.0'=0.0). It was supposed that the scission occurred
when the neck radius of the fissioning nucleus was equal to A. Mass and kinetic-energy dependence of the prescission
0.3Rg [24,35 (R is the radius of the initial spherical neutron multiplicities

nucleus. This scission condition determined the scission sur- We present further calculated results for two values of the
face in the space of the collective coor%mates. Evaporatiopeqyction coefficient of the contribution from the wall for-
of prescission light particlesj€n,p,d,t,"He,,y) along  myja: k.= 0.25 andk.=0.5. These values & do not con-
Langevin fission trajectories was taken into account using ﬁ'adict the value ok.=0.27. which was obtaineEB9] inde-

. . . . . S . ’
Monte Carlo simulation techniqu@3,36. All dimensional — yandently of fission from analyzing experimental data on the
factors were recalculated when a light prescission particlg;iqihs of giant resonances. The valueskgf0.25 andk
was evaporated, only dimensionless functionals of the rota= 5 5 4o not contradict the limits 0<2k.<0.5. which We?e

. D S -~

tional, Coulomb, and nuclear energies were not recalculateqyyaine40] from comparison of the calculated results with
This procedure provides a good accuracy in calculating thg,e oyperimental data of the mean total kinetic energy of
potential energy. If several different particles have beefyggion fragmentgE,) for fissioning nuclei throughout the
evaporated, the difference between the exact value of th eriodic system. Our previous resulfs] also show that the

poten_tial energy and the_ value found without recalculation Olalculated parameters of the fission fragment MED and the
the dimensionless functionals does not exceed 1 MeV. The, e prescission neutron multiplicities are found to be in a

loss of angular momentum was taken into account by assumy, o4 quantitative agreement with the experimental data for
ing that light particles carry awady=1,1,2,1,1,2,1 %) [23].

the compound nucleu$®r, 2%Fr at the values of 0.25

In contrast to Ref[5] we have studied a few compound <k.<0.5 and for the compound nucled®Fm, 25Fm at the
nuclei with a rather low fissility. This has been only pOSSiblevaISes 6fk ~0.25 '
<=0.25.

by switching over to a statistical model description with a Very detailed and svstematized d&1d show a parabolic
Kramers-type fission decay width after delay time, when sta- y y a3 P

tionary flux over the saddle point is reached. This procedurmas:s dependence of the prescission neutron multiplicities
! . s M ith i I f ic fissi
has been first proposed in RE&6]. An appropriate expres- ?npm( )) with & maximum valugns) for symmetric fission

. - : - R and a decrease for asymmetric one as displayed in Fag. 1
sion for the fission width that is the generalization of Kram- ;
ers formula to the multidimensional cag7,3§ reads The dependence df,dM)) can be parametrized tig]

<npre(M)>:<ns>_Cpre(Ms_M)Zy 8

1/2
) exp—[F(dsd —F(dg.s) /T, where M is the fission fragment mass for the symmetric
6) mass division.
The calculated dependencegs,{M)) were approxi-

where the frequency tensors at ground state and saddle poifated by a parabolic polynomial expression given by (By.

using the least-squares method. The calculated valuegof
,92|:(q)> are presented in Table I. Decrease of the prescission neutron

q=q

detﬂﬁ(qgs)
de{Qf (dso)|

I'i=wg

0f (dgs) = pik(dg.s)| 7 multiplicities with the fragment mass asymmetry is due to a

dQkdq;
R decrease of the fission tinte. The mean fission tim&;) for
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12 T - - - - 12 reached. The same result was obtained earlier in [Rél,
where the ratigng:2)/(no was equal to 0.5 for the reaction
1 180+ 9"Au—2¥Fr (E*=120 MeV). The disagreement
between the results of our calculations and those obtained in
Ref.[28] is due to the number of the considered collective
coordinates and different deformation dependence of the
nuclear friction. We describe fission process using three col-
lective coordinates, whereas only one collective coordinate
(elongation parametewas involved in Ref[28]. Fissioning
compound nuclei will stay for much longer time near the
ground state region in three-dimensional Langevin calcula-
tions than in one-dimensional ones, because in the ground
state region the potential energy weakly depends on the col-
16 lective coordinate#, «’. The kinetic energies of the evapo-
rated prescission neutrongH;)) will not depend on the
fragment mass asymmetfgee Fig. 1b)], because an appre-
ciable part of the prescission neutrons is evaporated nearby
the ground state region, where all fissioning nuclei have ap-
proximately equal temperature at an early stage of fission
process. Different Langevin trajectories will reach the rel-
evant conditional saddle point at different times due to a
15t 4 {1 random nature of decay. If a fissioning system reaches the
relevant conditional saddle point quickly and emits only few
10 : : : : : neutrons, then it will keep a greater part of the excitation
0 35 o 105 40 175 210 o :
energy. Such fissioning system will have a good chance of

Fragment mass (u) reaching the scission surface quickly and having a large final
mass asymmetry. On the contrary, if the fissioning system
emits many particles in the ground state region, then it will
lose a greater part of the excitation energy. After passing
through the saddle point this system will descend to the
been taken from Ref[1]. The thin solid histogram and filled gcigsion surface. slov,vly along thg bottom of t.he liquid-drop
squares correspond to the mass distribution and the prescission neflﬁs'on valley witha’=0 and.W|II never achieve a large
tron multiplicities calculated witlk,=0.25, whereas the dashed his- ma§s agymmetry. Thus the final mass asymmetry and'the
togram and open squares correspond to the results kyitto.5.  fission time depend on the dynamical evolution of the fis-

The crosses are the mass dependence of the prescission neut®&ANiNg nucleus in the ground state region. The smaller the
multiplicities (n,(M)) obtained in calculations wherg:2)=0 neutrons emitted from the compound nucleus in the ground

(see text (b) The filled circles and filled squares are t?;ee experi- State region, the larger the probability of small fission time
mental and theoreticgtalculated withks=0.25) mass dependence and large final mass asymmetry for the compound nucleus
of the prescission neutron kinetic energies. The open triangles is theill be. The ratio (ng:2)/(n,e determines the accessible
theoretical mass dependence of the fission t{tnéM)) calculated phase space for the trajectory during the descent from the
with k=0.5, whereas filled triangles correspond to the results obrelevant conditional saddle-point configurations to the sciss-
tained in calculations whergg2)=0. ion surface. As can be seen from Table I, the coefficigpt
increases withkg due to increase in presaddle particle emis-
the symmetric mass division is nearly two times larger tharsijon. The ratio(ng3)/(nye increases, hence the accessible
that for the asymmetric orfsee Fig. 1b)] for the compound  phase space decreases, during the descent from the relevant
nucleus*Fr. We present in Table | the ratigf™")/(t?’™  conditional saddle-point configurations to the scission sur-
where (t™) is the mean fission time for symmetric mass face.
division and(t{®" is the mean fission time for mass ratio  In order to verify our hypothesis we carried out calcula-
A;/A,=0.7 (A, andA, are the mass numbers of the light tions for the compound nucle’$>r where evaporation was
and heavy fragments, respectivelyor the explanation of not allowed before the saddle point was reached. All prescis-
the observed dependendeg,{M)) and(t¢(M)) itis useful  sion particles were emitted only during the descent from the
to show where the prescission neutrons are evaporated. Figelevant conditional saddle-point configurations to scission
ure 2 shows the percentage yield of the prescission neutrosurface (ng@:O). This assumption means that all Lange-
multiplicities (Y,) as a function of the elongation parametervin trajectories reach the relevant conditional saddle-point
c for the compound nuclei*>r and 2> m. Our calculations  configurations with an approximately equal excitation energy
show that an appreciable part of the prescission neutrons &nd, as a result, they will have the approximately equal ac-
evaporated from the nearly spherical compound nucleus atessible phase space during the descent from the relevant
an early stage of fission process before the saddle point onditional saddle-point configurations to the scission sur-

juy
=
T

counts (arb. units)
(N

40

35} - is

301 & 14

(Ep ) MeV)

{tey 1079)

20 a )

FIG. 1. (@) The mass distributiorithick solid histogram mea-
sured in coincidence with the prescission neutron multiplicities
(npre(M)) (filled circles is compared with the theoretical calcula-
tions for the compound nucled%Fr. The experimental data have
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TABLE |. Calculated results for the fission of’?Yb, 2°%Fr, 2%Fr, 2%m, and ®°6m formed in the reactions!®O+1%%Sm
=1 (Elp=159 MeV); 3Ar+Tm—2%r (E|;n=205 MeV); B0+ 1Au—2Fr (E,=159 MeV); *Ne+2%2Th—25Fm (Ep
=215 MeV); 0+ 2% —25Fm (E,,=159 MeV). The columns contaitirom left to right the compound nucleuCN), the excitation
energy E€*), the reduction coefficient of surface-plus-window dissipatign the variance of the mass and kinetic-energy distributions of
fission fragments &2, and UEK), the average total kinetic energyHg)), the ratio(ng.2)/(n,e that indicates the ground-state-saddle
contribution to the prescission neutron multiplicity,e), the ratio(t7>™/(tf") (see explanation in te)tthe average time of collective
motion of the compound nucleus from its formation to the scission configuratidfg,(and the mean prescission neutron multiplicity

((Mpre))-

CN E* Ks Cpre o UEK (Ex) (npa (N (LFDH/(EP) (tr) (Npre)
(MeV) 104 (u?) (MeV?)  (MeV) (1072 )

172yp 121

0.25 20 25@:23  141+13 110 0.99 0.74 54 3.4

0.5 32 160: 14 52¢5 1125 0.99 0.86 95 4.5
Expt. [1] 14+1 228 112 113 4.4
205¢y 77

0.25 1. 25811  126+5 154 0.82 0.97 27 0.4

0.5 15 23814 1046 152 0.85 0.89 65 0.9
Expt. [2] 0+0.1 350 193 15t8 1.2
2% 111

0.25 5.1 33%13  189+10 159 0.88 0.71 37 3

0.5 7.1 276:6 113+ 6 157.5 0.91 0.62 89 4.3
Expt.[1] 6.5+0.5 272 190 154 4.1
256Em 101

0.25 1.6 35312  157+6 201 0.66 0.96 15 2

0.5 3.6 28310  139+5 200 0.72 0.86 32 3.1
Expt. [1] 8.2+1.2 543 420 181 5.1
25Fm 140

0.25 2.7 39311 2197 203 0.62 0.95 11 2.7

0.5 3.6 33112 1746 202 0.7 0.9 22 4.0
Expt.[7] 0 643 411 195 6.95

face. In this case, as can be seen in Fig{t}(M)) and
(npe(M)) are nearly independent & (cpe=1.2<10"7).

' ' ' ' ' ' The calculated dependencés(M)) and (n,{M)) are
independent within statistical error range of the fragment
mass asymmetry for the compound nuctéfFm at excita-

tion energyE* =140 MeV and ?°6m at E* =101 MeV.

The calculated values df,,. are presented in Table I. The
evaporation of light prescission particles cannot reduce the
accessible phase space considerably for these compound nu-
clei due to high excitation energy and small fission time and,
as a resuli(t{(M)) and(n,{M)) are nearly independent of

M.

Y, (%)

The fission fragment mass distributions and dependences
(npre(M)) for the compound nucleu& Fr are presented in
Fig. 3. The experimental data and our calculations show that
(nprdM)) is independent oM for the compound nucleus

20%r, At the same time, the excitation energy for the com-
pound nucleus?®Fr is less than that for the compound
nucleus ***Fr. The ratio (n32)/(nye for the compound
FIG. 2. The histograms are the percentage yield of the prescisaucleus?®Fr is equal to 0.9 and one can expect the parabolic
sion neutrons calculated with the reduction coefficikg=0.5  mass dependence 6h,{(M)) and(t{(M)). However, the
(solid histogran for the compound nucleu$*¥r, andks=0.25  compound nucleus®¥r is very neutron deficient and all
(dashed histograjfor the compound nucleu®m as a function  fissioning systems will have the approximately equal excita-
of the elongation parameter The arrows indicate the location of tion energy due to the fact that the mean prescission neutron
the saddle points. multiplicity does not exceed one and evaporation of light-
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FIG. 3. The mass distributiofthick solid histograjmmeasured Wk i & L
in coincidence with the prescission neutron multiplicitjeg,{ M)) 3 15 L a i
(filled circles is compared with the theoretical calculations for the ~
compound nucleug®Fr. The experimental data have been taken < or 1
from Ref.[2]. The thin solid histogram and filled squares corre- 2. 15[ 7
spond to the mass distribution and the prescission neutron multi- w0k J
plicities calculated wittks=0.5. sL ]
0 1 1 1
50 100 150 200 230

prescission particles is only one way to reduce the total ex-
citation energy. As a result, all fissioning systems will have Ex (MeV)
the approximately equal accessible phase space during the o o —
descent from the relevant conditional saddle-point configu- F!G. 4. (& The kinetic-energy distributiorithick solid histo-
rations to the scission surface. gram measured in coincidence with the prescission neutron multi-

The dependencén,{M)) was investigated earlier by plicities (ny(Ex)) (filled circles is compared with the theoretical
Dhara and co-worke%9] in the two-dimensional model calculations for the compound nuclet’SFr. The experimental data

based on the Euler-Lagrange equations using a combinatiohave been taken from Rdfl]. The thin solid histogram and filled

2 d to th distributi d th issi
of both one-body and two-body nuclear dissipations. In RefSraualres comespond 7o fe energy diSTIbULion and the prescission

h f the fricti ltiolied b heutron multiplicities calculated witks=0.25, whereas the dashed
[9] the components of the friction tensor were multiplie yhistogram and open squares correspond to the resultsku##th.5.

> - .
exp(-Ka®), whereK=161*3. Such a considerable reduc- () The open triangles are the theoretical energy dependence of the
tion of dissipation leads to a decrease of the fission time fofjssion time calculated with,=0.5.

large mass asymmetries and, as a result, makes it possible to
reproduce in calculations the parabolic dependenceescentfrom the saddle point to the scission surface, whereas
(npre(M)). Reproduction of the experimental dependencethe stiffness with respect to the constriction coordirtatie-
(npre(M)) was impossible without inclusion of the factor creases. The accessible phase space steadily decreases with
exp(—Ka?) into the expression for the friction tensor in cal- respect to mass asymmetry coordinate and remains ap-
culations[9]. proximately fixed with respect to the constriction parameter
Rossner and co-workef&] found an unexpected increase h during the descent from the relevant conditional saddle-
of (nye with E, . However, it turned out soof8] that the  point configurations to the scission surface. Trajectories even
deduced unexpected dependefng{Ex)) was an artifact with small excitation energies have the opportunity to walk
due to the recoil effect imparted by the emitted neutrons tan a wide interval ofh. The value ot at the scission surface
the fission fragments. After the correction of this effect it wasdetermines the value &y . Thus, the value oEy is nearly
found [1,3] that(n,{Ex)) was independent dEx . In our  independent of the compound nucleus excitation energy in
calculations the mean fission tinfe(Ex)) and, as a result, the region of the relevant conditional saddle-point configu-
(npEk)), are nearly independent di and slightly de- rations. In other words, the value B is independent of the
crease only in the region of smallk (see Fig. 4 for all  ratio (n3;2)/(nye). The decrease of the,{Ex)) in the re-
compound nuclei considered in this paper. Such behavior afion of smallEy is related to the increase of contribution of
(npre(Ex)) can be explained by using the dependence of thehe trajectories with large final mass asymmetries and small
potential energy on the collective coordinates’. The po-  values of(n) [see Fig. 1a)]. It should be stressed that the
tential energy surface is displayed in Figs. 5 and 6. As can bthree-dimensional Langevin calculations with the modified
seen from these figures the potential energy depends onone-body dissipation mechanism reproduce the dependence
more weakly than om’. Moreover, the stiffness with respect of (n,{Ex)) better than the two-dimensional Langevin cal-
to the mass asymmetry coordinaié increases during the culations[8] with the two-body nuclear dissipation.
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V(MeV) lations have been performed for th8O-+2°%Pb-induced fis-
sion of 22“Th. It should be mentioned that in Ref20,41]
10 the one-dimensional Langevin models have been applied for
the first time to study the main features of the angular distri-

X e 0 butions.
..." In the present paper the standard transition state model
o -10 [42] has been used to analyze the fission fragment angular
.', l‘}"l’ 20 distributions. It is assumed that the equilibrium distribution
(] ,“,""} on theK degree of freedomi{ is the projection of the com-
""lll"l’" ’ L 30 pound nuclgus spih onto the symmetry axjss established
"'B""’ ”’ A 4 at the transition state that is usually assumed to be the saddle
_ N !’!’!’! 1i N point. In the case of the multidimensional model, a set of the
03 o 1 "’,” - relevant conditional saddle points play the role of the transi-
e e Y tion states. A frequently used approximation to the fission
Sy fragment angular distributions involves a computation of the
o ' os 22 following expression:
FIG. 5. The potential energy surface for the compound nucleus (21+1)exd — p sinfd1Jo[ — p sint 6]
2% m in the case oh=0 at zero angular momentum. The thick W(o,1)= erl\2p] G

solid curve corresponds to the conditional saddle-point configura-

tions. The short dashed curve is the mean dynamical trajectory. Thghere J, is the zeroth-order Bessel functiorp= (I
dashed curve corresponds to the scission configurations and dete_p—1/2)2/(4K(2)), and the variance of the equilibrium
mined from the intersection of the scission surface and the planf\(_distributionKO is

h=0.
issi i o et -1_7-1_7-1
B. Influence of the prescission neutron evaporation on the Koz_szd, Jeri =3I =3 (10
anisotropy of the fission fragment angular distribution h

In this and next subsections the following observableg g e Teg Jj, andJ, are the nuclear temperature and the
will be considered from the point of view of information on o ments of inertia for rotations around the symmetry axis
the fission dynamicsin particular on nuclear dissipatiin = 54 5 perpendicular axis taken at the transition state, respec-
the angular distributions in correlation with the Prescissiongyely. Diffuseness of the nuclear surface is taken into ac-
neutron multiplicities, the evaporation residue cross sectiong, nt to calculate| andJ, .
the fission probabilities, the parameters of the fission frag- ap average angular distribution is obtained by averaging
ment MED, and the giant dipolg multiplicities. The calcu- e expressiori9) over the stochastic trajectory ensemble at
the transition states. Thus, the anisotropy of the fragment
angular distribution is given by

“it“;‘"-'\""%i-.

" T

TS v

(TS Y(ev) (W(o%)

‘ ‘ ’ “"“““: _

W'mw,».v. A= : (11)

S W(od)

e

‘“ ” There are three factors that control the angular distribu-

0 tion: the initial spin distribution, the effective inertia mo-

!

ments, and the nuclear temperatures at the transition states.
The problem of the initial momentum distribution has been

-20 widely discussed in literature often in connection with the
angular distribution and it continues to be one of the obscure
-40 problems of the contemporary nuclear physics. The partial
fusion cross sections are often parametrized as

] dopg(l) 27 21+1

3.0 dl k2 1+exd(1—1y/681]’

FIG. 6. The potential energy surface for the compound nucleus . .

252Fm in the case ok’ =0 at zero angular momentum. The thick Where the explicit expressions for the parametgrand 6l
solid curve corresponds to the conditional saddle-point configura@re taken from Ref.23]. N . _
tions. The short dashed curve is the mean dynamical trajectory. The The set of all available transition states is defined by the
dashed curve corresponds to the scission configurations and detgotential energy landscape and, hence, by the number of the
mined from the intersection of the scission surface and the planéonsidered collective coordinates. At the same time, a par-
a'=0. ticular ensemble of transition points appreciably depends on

(12
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the dynamics of the fission process and it is sensitive to
practically all underlain model ingredients: the conservative
force, the viscosity mechanism, the method to calculate the
inertia coefficient, etc. It should be stressed that in the one-
dimensional models there is the only transition state for eac
angular momentum in contrast to the multidimensional one
where the ensemble of the transition points exists. It can ,
significantly shift the values of the angular anisotropies cal-
culated in different models.

The last factor—the nuclear temperature in the relevant
conditional saddle point is tightly bound with the mean
prescission neutron multiplicities and, consequently, with
nuclear dissipation. Note, the transition state temperature is
determined by the presaddle neutron multipliging.2). The
mean prescission neutron multiplicity is governed by the av-

erage value of nuclear dissipation, while the ratio g 7. The anisotropy of the fission fragment angular distribu-
(ngre)/{npre appreciably depends on the coordinate behavioion as a function of the projectile laboratory energy for the reaction
of the friction tensor components. Moreover, we expect fromt6g+ 208pp, 224Th: () the calculations with(filled squares and
the results obtained in Ref20] within the one-dimensional  without (filled circles particle evaporation, respectivelit= 0.5);
Langevin model that an influence of the particle evaporationb) the calculations carried out for different values of the reduction
on the angular distribution will be significant. Therefore, thecoefficient: ks=0.25 (inverted filled triangles k,=0.5 (filled
study of the angular distributions together with the prescissquares andks=1 (filled triangles. The calculated points are con-
sion neutron multiplicities could be one of the sensitivenected by dotted lines to guide the eye. The open symbols are the
probes not only to the magnitude but also to the mechanisrexperimental data: Ref10] (circle), Ref.[11] (triangles, Ref.[15]
of nuclear viscosity. (squares and Ref[16] (inverted trianglg

Influence of the prescission particles’ emission on the an-
isotropy of the angular distribution could be analyzed bysame time, for the heavier compound nucté??>Fm the
varying the strength of nuclear dissipation. The calculationgalculated values ofn,) are appreciably less than the ex-
carried out withks=0.25, 0.5, and 1 will be discussed and perimental ones. For these reactions the data can be repro-
confronted below. Variation of the friction strength alters notduced only with full one-body dissipation but it leads to a
only a number of emitted particles but also the dynamics oktrongly overdamped motion and, hence, to underestimation
the fission process. We performed calculations with andf the parameters of the fission fragment MED and the
without prescission particle evaporation in order to investi-evaporation residue cross sectigese Secs. IlIC and IlID
gate an influence of the particle emission on the fragmentor detailed discussion
angular distribution purely. The values of angular anisotropy The energy dependences of the anisotropy of the angular
shown in Fig. 7a) demonstrate a trivial result: the calcula- distribution are shown in Fig.(B) for the same values df.
tions carried out without particle emission give smaller val-The behavior of the calculated values of the angular anisotro-
ues of the angular anisotropy than it has been obtained withies and the experimental ones are in a qualitative agree-
evaporation of light particles. The purpose of this analysis isnent. Even at the high excitation energies our calculations
to study the magnitude of the particle evaporation effect. Ageproduce a slight decrease of the anisotropy of the fragment
it is seen, the effect is visible but not so large as it wasangular distribution observed experimentally. This decrease
expected from the results of R¢R20]. can be explained in the following way. There are two oppo-

It is seen from Fig. @) that a good quantitative agree- site tendencies. On the one hand, the transition state tempera-
ment with the experimental data dm,.) is obtained for ture Ty grows with the excitation energy that makes the
ks=0.5 and 1. Calculations witlks=0.25 underestimate K-distribution broader. On the other hand, in the region of
(npre) at the entire energy interval. It is noteworthy that in low and intermediate energies the fusion cross sections in-
Ref.[43] the prescission neutron multiplicity has been inves-crease exponentially with the excitation energy and the rapid
tigated for the reactiorfAr+ 8%Hf—220Th for the various growth of({I?) determines increase of the angular anisotropy.
energies ranging fronk,,= 180 to 249 MeV. The averaged At the higher excitation energies increaseTliyy equilibrates
slope of the calculated prescission neutron multiplicity as ancrease in(12), further increasing of the excitation energy
function of E,, is (dnpre/dE,ab)*:Z?.l MeV/neutron. leads to the domination of the temperature factor over the
Our calculations give the values of the slope(l1?) factor and the angular anisotropy decreases.
(dnpe/d Ep) 1=38.0, 28.0, and 21.8 MeV/neutron fig As regards a quantitative description, a satisfactory repro-
=0.25, 0.5, and 1, respectively. It is seen that the calculateduction of the experimental data has been obtained at the
slope withks=0.5 is closer to the one from Rg#3]. The values of the reduction coefficiekt=0.5—-1 at the whole
calculated results ofn,) for the other reactions studied in energy interval, i.e., for such values kf that lead to a sat-
the paper are listed in Table I. One can see a good quantitésfactory quantitative description of the experimental data on
tive agreement with the experimental data obtaineksat (nge. One can see that the results obtained itk 0.25,
=0.5 for the compound nuclet’”®vb and 2°>2'Fr. At the 0.5, and 1 differ from each other insignificantly up Eg,

nw =
tropy

1SO

An

80 100 120 140 160 180 200 220

E,, (MeV)
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81 ] that the energy dependence (@f3.2)/(n,0 agrees qualita-
Tt ] tively with that of Ref.[20], where the same reaction has
A 6r ] been treated. The results obtained in R2€] have allowed
g i- : the authors to assert that agreement with the experimental
\'7“ 3L ] data on the angular distribution for highly excited nuclei is
ol 1 possible only if a considerable part of prescission neutrons is
1L ] emitted on the descent of the fissioning nucleus from the
A, 100 saddle to scission. This part is about 3-5 times larger than it
& [ ] is predicted by our model for the same excitation energies,
\? 0.95 4 but we have obtained a good description of the data, too. It
X - can be explained by the differences in the models. In our
5 & 0.90 I 1 opinion the main difference is in the number of collective
\‘/ﬁ 0.85 i coordinates.
0,80 - . . S _
0.12 - C. The prescission giant dipoley multiplicities, fission
0.10 | ] probabilities, and evaporation residue cross sections
/\2 0.08 - ] As mentioned in Ref[22] the mean prescission giant di-
a2 0,06 . pole y multiplicities and the evaporation residue cross sec-
Vo oomlf ] tions (fission probabilities are the most sensitive probes for
0.02F ¥ o ] nuclear dissipation in fission. The energy dependences of
00—y v P ] (vpre are shown in Fig. &) for the three values dis. The
80 100 120 140 160 180 200 220 experimental value & ,=140 MeV was taken from Ref.
EIab (MeV) [22], where authors refer to private communications. We

would like to remark that the prescissignmultiplicities are

FIG. 8. The fission characteristics calculated as functions of thgensitive to the viscosity magnitudes in the high-energy re-
projectile laboratory energy for the reactiéfo+**Pb—~*Th.(@  gion. The value of(y, calculated withks=1 at Ejy
the mean prescission neutron multiplicity, the open symbols are the- 215 MeV is about two times larger than one calculated
experimental data from Reff17]; (b) the ratio(n3:2)/(nye); (©) the  ith ky=0.25.
mean.prescission giant dipojemultiplicity, the open symbol is the Figures 9a) and 9b) show the calculated energy depen-
experimental datum from Ref22] (see the text for detailsThe dences ofP; and ogg in comparison with the experimental

Nfata. The experimental values of the fission probabilities

have been obtained by the relatid?= o/ (Tist TER)
where the data ooz are taken from Refd.10,12 and the
data onoy from Refs.[10,14,13. Some values oP; have
=148 MeV. For the energiesE ;=148 MeV (E* been estimated fargg and o measured at unequal projec-
=91 MeV) the effect ok, influence is the most significant tile energies due to the experimental data taken from the
and it is clearly seen that the calculations carried out withdifferent works. The difference is 3.6 MeV for the point at
ks=0.25 underestimates the experimental values of the arg,,,=133.6 MeV and it does not exceed 1 MeV for the
gular anisotropy. other points. It is seen from Figs.(&® and 9b) that the

Thus, the following conclusions could be drawn after thefission probabilities and evaporation residue cross sections
calculated results for the angular anisotropies in correlatiorre in fact strongly influenced by the magnitudes of nuclear
with the mean prescission neutron multiplicities have beenlissipation especially at low energies. The analysis of the
discussed. The proposed dynamical model leads to a goagkcitation functions oP; and o gives us a possibility to
quantitative agreement with the experimental angulaklaim that the full one-body dissipatiorkd=1) can be re-
anisotropies andn. The anisotropy of the fragment an- jected because a strong overestimationrgg has been ob-
gular distribution, contrary to our expectations, is less sensitained. The experimental values lay between the curves cal-
tive to the magnitudes of nuclear viscosity than the mearmulated withks=0.25 and 0.5.
prescission neutron multiplicities. The calculated angular |t has been mentioned above that in the present paper in
anisotropies depend dq appreciably at high excitation en- contrast to our previous worfs] the free energy has been
ergies only due to the most significant differencesmf).  used as a driving potential instead of the bare potential en-
Nevertheless, basing on the obtained results we conclude thaigy. The calculations have shown that it has an appreciable
an agreement with the experimental data on the mean neeffect on the evaporation residue cross sections. The energy
tron multiplicities is the necessary condition of the satisfac-dependences af gy calculated for both types of the driving
tory quantitative description of the angular anisotropies.  potential forks=0.5 are plotted in Fig. @). It is seen that

Figure 8b) shows the calculated results of the ratio incorporation into the model of the free energy is a necessary
(np)/(npre for the different values oks. It is seen that the step to a simultaneous description of the experimental data
number of the saddle-scission neutrons increases with then(n), on the anisotropy of the fragment angular distribu-
excitation energy and decreases with increadigg Note, tions, and on the evaporation residue cross sections. Such a

results calculated with different valueslafare marked at the same
order as in Fig. ().
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FIG. 9. The fission characteristics calculated as functions of the F|G. 10. The variance of the ma&s and the kinetic-energgh)
projectile laboratory energy for the reactio?©+2°b—**Th. (@) distributions of the fission fragment MED as functions of the pro-
The fission probability, open symbols are the experimental@@&  jectile laboratory energy for the reactioiO+2°%Pb—22*Th. The
the text for details (b) the evaporation residue cross section, thegpen symbols are the experimental dété]. The calculated points
open symbols are the experimental data from REJ] (triangles,  are connected by dotted lines to guide the eye. The results obtained

Ref. [12] (squarek The theoretical results calculated for different with different values ok are marked at the same order as in Fig.
values ofkg are marked at the same order as in Fi)7(c) the 7(b).

evaporation residue cross section calculated with different types of

the driving potential foks=0.5: filled squares, the driving potential o . .
is the free energy, filled circles, the driving potential is the potentiai@nd calculated mass distributions have a Gaussian-like form

energy. The calculated points are connected by dotted lines to guio%nq can Ige characterized by the mean Vd'm and the
the eye. varianceoy, . The calculated mass distribution becomes nar-
rower when viscosity increases. This effect has been ex-

. - . - _plained in detail early in Re{5].
simultaneous description could be obtained within the modi The calculated parameters of the fission fragment MED

fied one-body dissipation model with the reduction COefﬂ'and the mean prescission neutron multiplicities are found to

cientks=0.5, but not with the full one-body viscosity. be in a good quantitative agreement with the experimental
o data for light fissioning systems$®yb, 2%Fr, and ?'r) at
D. The parameters of the fission fragment MED and the mean  ina values of the reduction coefficiekt=0.25-0.5. This
prescission neutron multiplicity result is consistent with our previous conclusiffs$] made
Finally, we would like to discuss our results concerningfor the 2°Po compound nucleus. As was noted earft};
the mean prescission neutron multiplicities and the paramsimultaneous description of the fission fragment MED and
eters of the fission fragment MED. These observables haviie mean prescission neutron multiplicities is impossible for
been analyzed carefully in our previous papgf and here heavy fissioning system®%Fm and?*¥m at high excitation
we want to discuss only some additional aspects that influenergy and angular momentum using the coordinate-
ence the parameters of the fission fragment MED. Our calindependent reduction coefficiekf. A quantitative agree-
culated results and the experimental data from Réf2,7] ment of the calculated results with the experimental data on
are summarized in Table | and Figs. 8, 10. The calculatethe variances of the fission fragment MED can be achieved at
mass and energy distributions of fission fragments for theéhe value of the reduction coefficiet=0.1, but a good
compound nuclef**Fr and 2°*Fr are shown in Figs.(®), 3,  description of the mean prescission neutron multiplicities is
and 4a). For comparison, these figures also show the experipossible only at highly overdamped collective motidty (
mental distributions taken from Ref4,,2]. As can be seenin =1). However, the widths of the mass and kinetic-energy
Figs. 1a), 3, and 4a), the experimental mass and energy distributions calculated witks=1 are close to the statistical
distributions are sufficiently well reproduced in the three-model predictiong44], which considerably underestimate
dimensional Langevin calculations. Both the experimentalvalues of the variances of the mass and energy distributions
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for the fissioning nuclei withAcy>210. The similar result ments exactly in the finite-range LDM performing numerical
was obtained in Ref[45] for the compound nuclei with evaluation of the corresponding integrii®] (the procedure
Acn>260. It was shown that in order to reproduce the meaof the calculating= is described in our previous pagé).
sured prescission neutron multiplicities the reduction coeffiFinally, it should be stressed that calculatidBg,33 were
cient must be increased by a factor ranging fregs-4 to ~ performed only for three values of the sgir30,50,707%,
ke=12. Moreover, the calculatiog5] were performed tak- While we have parametrized the compound nuclei spin dis-
ing into account the stage of compound nucleus formation iriribution according to the scaled prescripti@8,51, which
contrast to our present calculations. reproduces to a certain extent the dynamical results of the
The calculated kinetic-energy distributions of fission frag-surface friction mode[52] for fusion of two heavy ions.
ments shown in Fig. (@) noticeably differ from the Gaussian
distribution. They are not symmetrical with respect to the V. CONCLUSIONS
mean valug Ey) and have sharper peaks than the Gaussian
function. However, the experimental energy distributjah
and those calculated in the two-dimensional m¢8ghave a
more Gaussian-like form. Inclusion of the third collective
coordinate (the mass asymmetry coordinatan the two-

The three-dimensional stochastic approach to fission dy-
namics that has been successfully applie®] for studying

of the parameters of the fission fragment MED and the mean
prescission neutron multiplicity is developed and extended to

dimensional model leads to a change in the shape and the calculation of the mass and kinetic-energy dependences

increase in the width of the enerav distribution. The calcu- the prescission neutron multiplicities and excitation func-
lated mean values dEy) are foungyto be in a c;od Lanti- tions of some observable characteristics in fission in a broad
tative agreement with };he experimental data g%’he (;:]ifferencrange of the excitation energy. The conservative driving
betweer? calculated and expe?imental valu : does not force of the Langevin equation and the statistical model ex-

. efE) ression for the fission width are governed by the free en-
exceed 5% for light compound nuclet’¢yb, 2°Fr, and b g y

51 S ergy, not by the bare potential energy as in the previous
) and 10% for heavy fissioning system®*fm and calculationg[5,6]. The functional of the free energy is con-

25 H
Fm). However, the calculated values of variance of thestructed from the finite-range LDM as input for the potential

energy distributions are undzerestimated significantly for theenergy and coordinate-dependent level density parameter
ks=0.5. The reproduction afg, could be achieved for com-  yhat has been chosen according to Ignatyuk and collaborators
pound nuclei*’?vb, %%Fr, 21%r, and??*Th by reducing the [27].
strength of nuclear dissipation to the valuekgf0.1-0.25. The modified one-body mechanism of nuclear dissipation
However, parameters of the energy distributions are veryso called surface-plus-window dissipatiomas used to de-
sensitive to the scission condition. In fact, at the present timgermine the dissipative forces of the Langevin equations. Un-
there is no unambiguous criterion of the scission conditiorder the assumption of the surface-plus-window dissipation
and we recognize that this intricate problem of the fissionmechanism of nuclear viscosity, the only variable parameter
physics needs further detailed investigation in the frameworks the reduction coefficient of the contribution from a wall
of the finite-range LDM 31,46|. A quantitative analysis con- formulaks.
cerning the influence of the scission condition on the param- We have calculated the two-dimensional fission fragment
eters of the energy distribution will be given in the forthcom-MED and the mean prescission neutron multiplicities in
ing paper. three-dimensional Langevin dynamics. The calculated pa-
Three-dimensional Langevin calculations were performedameters of the fission fragment MED, the dependences
earier for the reactions F+®Ta—*Pb Enp  (n,dEk)), and(n,{M)) have been found to be in a good
=135 MeV), fO+8W—-2%Ph (E,,=288 MeV) in  quantitative agreement with the available experimental data
Refs. [32,33. The full one-body dissipationk{=1) has at the value of the reduction coefficient of the contribution
been used in these calculations. Nevertheless, the calculaté@m the wall formulg 39] ks=0.25-0.5 for the light fission-
variances of the mass and energy distributions have beeRg compound system&’2vb, 2°Fr, and ?'5Fr. The results
found to be in a good quantitative agreement with the experiof our calculations show that an appreciable part of the
mental data in contradiction with our results. However, theprescission neutrons is evaporated before the saddle point is
calculations[32,33 show dependence of the parameters ofreached for all compound nuclei considered in this study.
the energy distributions on the parametrization of the nuclearhe dependences¢(M)) and(n,{M)) are determined by
shape. The values ¢Ex) andog, are about 15% larger for the accessible phase space during the descent from the rel-
the two-center parametrization by Maruhn and Gre[déf  evant conditional saddle-point configurations to the scission
and Satoet al. [48] with fixed neck parameter than for the surface. The accessible phase space depends on the total ex-
Legendre-polynomial parametizatipf9]. So we can not ex- ~ citation energy, the ratigng:2)/(npe), and other factors that
pect a quantitative agreement between the results of ounfluence the excitation energy distribution of fissioning sys-
present calculations and results of previous threetems in the region of the relevant conditional saddle-point
dimensional Langevin calculation82,33 due to the differ-  configurations.
ent parametrization of the nuclear shape. Moreover, the Cou- Chosing as an example tHé0+2%%b induced fission of
lomb repulsion energy at scissidfy, has been determined 2%“Th, we have investigated the excitation functions of the
approximately in Refg[32,33, whereas we have calculated following observable quantities: the mean prescission neu-
V. and the nuclear attractive enerlyy, of the nascent frag- tron andy multiplicities, evaporation and fission cross sec-
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tions, and anisotropy of fission fragment angular distributionapproach to modification of a wall formula was also sug-
It is clearly seen that through a good quantitative descriptiogested in Refg.58—-6Q in which the value of the reduction

of the mean prescission neutron multiplicities, the fissioncoefficient k¢ was determined by a measure of chaos in
probabilities and anisotropies could be achieved at the valuesingle-particle motion of the nucleons within the nuclear vol-
of ks=0.5—1. At the same time the valueskqf=0.1-0.2 are  yme. A measure of chadshaositity depends on the instan-
necessary to reproduce the variances of the fission fragmegdneous shape of the nucleus i.e., on the collective coordi-
MED. The simultaneous reproduction @fi,e) and the pa-  pates. The value of chaositity changes in the limits from 0 to
rameters of the fission fragment MED becomes more unsaf as the nucleus evolves from a spherical shape to highly
isfactory for heavy fissioning system&¥Fm and *Fm.  deformed one. The first application of this approach for cal-
From the analysis of these results one can conclude thajjation of fission widths of excited nuclei was published
coordinate-independent reduction coefficiégtis not com-  recently[61]. It is, therefore, extremely interesting to derive
patible with the simultaneous description of the main fissionthe coordinate and/or temperature dependences of the reduc-
characteristics for heavy compound nuciéfFm and**Fm  tjon coefficient from the above-mentioned microscopic ap-

and reduction coefficierks might depend not only on the proaches and to use them in analysis as presented in our
fissility parameter as was noted in our previous calculationstydy.

[5,6], but also on the collective coordinate and excitation
energy. Such a kind of analysis has been extensively imple-
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